Introduction
Choriocapillaris (CC) is a monolayer vascular network of lobularly arranged continuous capillaries located in the innermost layer of the choroid between Bruch's membrane (BM) and Sattler's layer [1] . Histological studies have indicated a close relationship between the changes in the CC integrity and the multiple ocular diseases such as age-related macular degeneration [2, 3] , diabetic retinopathy [4] and glaucoma [5] . Therefore, an ability of detecting and monitoring the changes in the CC integrity would be important to help understand the disease pathologies that involve the CC, and subsequently improve their diagnosis and therapeutic intervention.
Optical coherence tomography angiography (OCTA) is now a well-established noncontact and noninvasive imaging technique that utilizes repeated B-scans at the same location to discriminate blood flow motion from a static tissue bed with micrometer-level spatial resolution [6, 7] . Recently, the use of OCTA for CC imaging has drawn significant attention in the research and clinical community [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Gorczynska et al. [13] reported successful invivo CC imaging using a 1.7 MHz A-line rate swept-source OCT (SS-OCT) system with a transverse resolution of 14 µm. The ultrahigh A-line rate enabled up to 3.5x oversampling (4 µm/pixel) in the lateral direction with a large number of repeated B-scans (20 total repeats for a bidirectional scan, 10 forward and 10 backward), resulting in significant reduction of the remaining background static tissue noise caused by the motion and unstable phase in the CC imaging. Kurokawa et al . [14] demonstrated CC angiography showing individual CC microvessels using adaptive optics OCT (AO-OCT). The Shack-Hartmann wavefront sensor and deformable lens in the AO-OCT system corrected the aberration induced by the imperfection of the optics in the eye, which gave the AO-OCT system a high transverse resolution of 2.4 µm for better CC visualization. While very promising, these investigations are only achievable by research OCTA systems, which are not necessarily useful for clinical studies.
There are numerous reports that utilize commercial OCTA systems to quantify the CC in both normal and diseased eyes, e.g [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] , which are important because of their obvious clinical impacts that could be brought to the community. Current commercial systems for such purpose typically have an imaging speed of 100-200 kHz A-line rate with 15-25 µm transverse resolution. However, the CC at the posterior pole (central macular region) is a much denser network with an averaged intercapillary-distance (ICD) between 10 -25 µm [27] , similar to the size of the system transverse resolution. Therefore, it is almost impossible for commercial systems to resolve individual capillaries under the posterior pole currently. For this reason, researchers have opted for an alternative strategy to quantify the CC by evaluating the flow deficits, together with post-image processing methodologies [16, 17, 20] . This makes sense because a flow deficit by its definition must have a size that is larger than the normal ICD, which is within the capability of the system to resolve. Zhang et al. [16] reported highly repeatable in-vivo assessment of CC angiography using a PLEX Elite 9000 SS-OCTA system from Carl Zeiss Meditec, Inc., where intensity compensation was applied on resultant CC angiograms to compensate the potential shadowing effect caused by the RPE complex, thus improving the CC image quality for evaluating the flow deficits. On the same system, Chu et al. [17] demonstrated high contrast CC angiograms at different retinal locations from macular to equatorial regions on six subjects, where a three-step registration and averaging approach was employed with five repeated volume scans to suppress the remaining background static tissue noise, thus increasing the contrast of CC OCTA images for the purpose of visualization and quantification. However, due to the limitation in the system transverse resolution, it is truly difficult for commercial systems to visualize the individual capillaries at the posterior pole. Such limitation is brought by the small probe beam size that enters the eye, leading to a relatively large focused beam spot at the retina. According to Gaussian optics however, the transverse resolution (or focused beam spot size) is proportional to the numerical aperture (NA) of the probe beam system, where a probe beam entering the eye with a larger size would lead to a tighter focused beam spot at the retina, thus the higher transverse resolution. Although this is a commonly known concept, and several recent studies [28] [29] [30] have demonstrated improved retinal vascular visualization using a OCT system with a relatively large beam size (about 3 mm) and a simplified adaptive optics setup, there is no investigation conducted so far to explore the effect of transverse resolution on the CC visualization using a conventional OCT without employing adaptive optics for potential aberration correction.
In this study, we explored and demonstrated the effect of system transverse resolution on CC microvascular imaging by various NA settings of the objective optics, in an attempt to visualize the CC capillary network under the posterior pole region. We used a number of morphometric parameters, such as mean RPE-CC distance, mean CC inter-vascular spacing and magnitude of the radially-averaged power spectrum, to assess the resulting CC OCTA enface images.
Materials and methods

SS-OCT system for CC imaging
A prototype research SS-OCT system with features similar to commercially available 1.0-µm-center-wavelength SS-OCTA systems was employed in this study for the investigation of how the incident beam size at the pupil plane would have an effect on CC imaging. The simplified system schematic is shown in Fig. 1(A) , which was based on a fiber-based Michelson interferometer. A 200 kHz MEMS-tunable swept source laser (AXP50124-3, AXSUN Technologies Inc., Billerica, MA, USA, 1051 nm central frequency, 105.2 nm bandwidth) was used as the light source. A 75:25 beam splitter was applied in the system to deliver 75% laser light into the reference arm and 25% to the sample arm. The reference arm contained an optical delay line and a three-paddle polarization controller. The polarization controller applied in this system was used to match the polarization state of the light in both reference and sample arm, and thus to maximize the interference intensity to increase the system sensitivity. The sample arm consisted of a collimator, a 2D galvo-scanner, a scan lens and an ophthalmic lens. The scan lens and ophthalmic lens were in 4f configuration. There were three different configurations for the collimator, scan lens and ophthalmic lens in the sample arm to deliver incident beam with various diameters (see section 2.2 for details). A built-in balanced photodetector was used to collect the interferogram generated by the light from reference arm and the light backscattered from the sample. The signal from the balanced photodetector was then collected by a custom LabVIEW program (LabVIEW 2016, National Instruments, Austin, TX, USA) for post-processing. The system sensitivity was measured to be 105.3 dB at the incident beam intensity of 3.5 mW with a beam size of 2.51 mm by using a phantom eye with a mirror in the air. This value was slightly higher than that of theoretical maximum sensitivity (103.5 dB at the incident beam intensity of 3.5 mW), largely due to the neutral density filter used in our measurement that was not optimized for 1.06 µm center wavelength. 
where λ c , ∆λ denotes the center wavelength and the bandwidth of the laser source. With the center wavelength of the light source being 1051 nm and the spectral bandwidth of the light source being 105.2 nm, the nominal axial resolution of the system was calculated to be 4.6 µm in air with axial pixel sampling at 5.8 µm/pixel, corresponding to 3.3 µm in retinal tissue with axial pixel sampling at 4.2 µm/pixel (refraction index n = 1.38 [32] ).
According to Gaussian optics, the OCT transverse resolution ∆x depends on the NA of the objective lens (human eye in this case), which can be estimated by following equation [33] :
We approximated NA obj with D/(2·f eye ), where D denotes the incident beam diameter at the pupil (assuming the pupil is of sufficient size that does not block the incident light), and f represents the equivalent focal length of the eye (f eye ≈16.6 mm). The OCT transverse resolution on the retina can thus be controlled by applying the incident beam with different beam sizes at the pupil plane.
Sample arm configuration
To image the CC with various OCT transverse resolution, three different lens configurations were implemented in the sample arm to deliver the probe beam with varied diameters, as shown in Table 1 . The largest theoretical beam diameter (3.54 mm) was achieved by using a scan lens of 54 mm focal length and an ophthalmic lens of 58 mm focal length with a collimated beam of 3.3 mm in diameter. While the smallest theoretical beam diameter (1.16 mm) was realized by using a scan lens of 54 mm focal length and an ophthalmic lens of 26 mm focal length with a collimated beam of 2.4 mm in diameter.
The actual beam size of each configuration was then measured by a homemade beam profiler (UC20MPD, Spinel USA LLC., Irvine, CA, USA). The measured two-dimensional (2D) beam intensity maps in gray scale and their corresponding radially-averaged onedimensional (1D) beam profiles with −20 dB cut-off were shown in Fig. 1 (C). The 1/e 2 probe beam widths (−17.4 dB cut-off width) before entering the eye were measured to be 1.12 mm, 2.51 mm and 3.50 mm, respectively, which agreed well with the theoretical calculations, as shown in Table 1 . To evaluate the actual system transverse resolution of each lens configuration, a U.S. Air Force test target (1951 USAF, Edmund Optics Inc., Barrington, NJ, USA) was imaged using all three lens configurations in the air. The experimental setup is shown in Fig. 1(B) . A phantom eye with similar equivalent focal length of human eye (consisted of two 30 mm focal-length convex lens with 5.4 mm center distance, equivalent focal length of 16.5 mm) was employed as the objective lens to focus the incident beam onto the resolution target. To eliminate the error introduced by sampling, a high scan density was applied for imaging the resolution pattern of the groups 4 to 7 on the USAF test chart.
Imaging protocol
Four healthy subjects with no history of ocular disease were recruited for this study, as shown in Table 2 . The average age was 36 years old, ranging from 28 to 54 years old. The use of a homebuilt SS-OCT system was approved by the Institutional Review Board of University of Washington, and the protocols adhered to the tenets of the Declaration of Helsinki. The intensity of the incident OCT beam was about 3.5 mW at the cornea and within the safe limits established by the American National Standards Institute (ANSI) [34] .
A desk-mounted ophthalmic chin rest was utilized to align and stabilize subjects' eye and head during imaging. The random eye drifts and saccades of subjects were minimized by using a fixation target in the sample arm ( Fig. 1(A) ). Before OCT data acquisition, the focus of the probe beam was optimized for CC visualization, which was realized by maximizing the image intensity at the RPE layer. For each subject, two repeated OCT volumes were acquired using the incident beam with beam diameter of 3.50 mm at the central fovea with each covering an image range of 2° × 2.6° (0.6 mm × 0.8 mm, width × height). For Subject 1, four additional OCT volumes were also acquired with smaller beam diameters (1.12 mm and 2.51 mm) for the purpose of demonstrating the effect of NA on the CC OCTA imaging. Each OCT volume consisted of 400 A-scans × 1600 B-scans with 4 repeated B-scans at the same location. The pixel pitch of each OCT volume was thus approximated to be 1.5 µm horizontally and 2 µm vertically, providing an oversampling ratio of ~8.8x for the beam diameter of 1.12 mm, ~4.4x for the beam diameter of 2.51 mm and ~3.5x for the beam diameter of 3.50 mm. Therefore, the sampling density was high enough to meet the Nyquist-Shannon sampling theorem even for imaging with largest beam diameter (highest transverse resolution). The SS-OCT system was operated at a B-scan rate of 330 Hz, resulting in a volume acquisition time of 4.8 s, which was tolerable for the patient imaging. All the data acquisitions were performed in a room with low environment light to ensure the pupil is sufficiently opened for collecting all the incident light. No dilation drops were applied to the subject in this study.
En-face CC OCTA projection and morphometric parameter quantification
The post-processing of the acquired OCT volumes was performed using custom MATLAB scripts (MATLAB 2018a, MathWorks Inc, Natick, MA, USA). The complex optical microangiography (OMAG) algorithm [11] was applied to extract blood flow information from the raw OCT volumes. A semi-automated segmentation algorithm [35] was then employed to perform layer segmentations and necessary motion corrections. After the layer segmentation and RPE layer flattening, the cross-sectional OCT and OCTA images were then averaged along the lateral direction to obtain the averaged depth profiles. Figure 2 (A) shows a typical example of the flattened OCT and OCTA cross-sectional images. The corresponding normalized mean OCT (black solid line) and OCTA (red solid line) depth profiles are shown on the right (Fig. 2(B) ). The small peaks above the IS/OS segment junction in the OCTA profile indicated the location of retinal vessels. The proximal retina layer was thus defined as a ~170 µm slab from the inner limiting membrane (retina top edge) to ~50 µm above the IS/OS segment junction. The peak in the OCTA profile just below the RPE peak (the third peak in the OCT profile) was identified as the location of the CC vessels. The CC layer was then defined as a 16 µm (4 pixels) thin slab, starting at the peak in the OCTA profile (17 -20 µm below RPE layer). En-face retina and CC OCTA images were thus generated by sum projection [36] and displayed in a log scale, as shown in Fig. 2(C) . Finally, both images were cropped to square areas external to the vertexes of the foveal avascular zone (FAZ) (yellow dashed frames in Fig. 2(C) ) for further comparison and morphology analysis.
Several morphometric parameters were applied to quantify the final cropped en-face CC OCTA images, including mean RPE-CC distance, mean CC inter-vascular spacing (i.e., intercapillary distance), and magnitude of radially-averaged power spectrum of the CC image.
Mean RPE-CC distance: the RPE-CC distance was defined as the axial distance between the RPE layer (the third peak in the OCT profile, Fig. 2(B) and the CC layer (peak in the OCTA profile, Fig. 2(B) ). Its mean distance was calculated by averaging RPE-CC distances across the whole OCTA volume. This parameter is important to indicate the oxygen and metabolic exchange efficiency between the CC and overlying RPE. For example, a larger mean RPE-CC distance may inhibit efficient delivery of oxygen from the CC to photoreceptors [37] .
Mean CC inter-vascular spacing: the mean CC inter-vascular spacing was defined as the average normal distance between two adjacent CC vessels, which is a key parameter to evaluate the CC normality. To quantify this parameter, 2D power spectrum analysis [13, 14] was performed on the cropped en-face CC angiogram (Fig. 2(D) ). Since the CC under the FAZ is a dense and regular-spaced lobular network of vessels, a concentration of energy at a consistent radial range in the 2D power spectrum is expected. The ring around the center point represents the spatial frequency components of visible CC network. The corresponding 1D normalized radially-averaged power spectrum is shown in Fig. 2(E) on the left side. The base line offset was removed by subtracting the power function fitted line from the originally biased spectrum. The compensated power spectrum that resulted is shown on the right side of Fig. 2(E) . The mean CC inter-vascular spacing can then be considered as the inverse of the CC spatial frequency. To extract the spatial frequency of CC more accurately, the compensated CC power spectrum was fitted into a Gaussian function. The center of the Gaussian function was then regarded as the CC spatial frequency.
Magnitude of radially-averaged power spectrum: the magnitude of the peak in radiallyaveraged power spectrum was defined as the amplitude of the fitted Gaussian function (Fig.  2(E), right) , which represented a measure of the contrast of the image of the capillary vessels in the CC OCTA image. 
Results
SS-OCT transverse resolution
The OCT transverse resolution on the retina for three different beam diameters was evaluated by imaging the USAF 1951 resolution target with a phantom eye in the air. The resultant enface projections of the resolution target for each beam diameter were generated by maximum intensity projection (MIP), as shown in Fig. 3(A-C) . Each of them provides a field of view (FOV) of 1 × 1 mm 2 with a sampling spacing of ~0.57 µm/pixel. The zoomed-in views of the resolution patterns for groups 6 and 7 are shown on the right with a small FOV of 0.23 × 0.23 mm 2 . Obviously, the clarity of the resolution patterns is increased with the increase of the diameter of incident beam. Note the artefacts at the edge of the resolution patterns imaged with smallest beam size (Fig. 3(A) ) might be caused by the combination of laser spot diffraction occurring at the edge and astigmatism induced by the tilted incident beam. The normalized intensity profiles of vertical and horizontal USAF resolution target patterns for each beam diameter (group 5 for the beam diameter of 1.12 mm, group 6 for 2.51 mm beam diameter and group 7 for the 3.50 mm beam diameter) are shown in Fig. 3(D-F) . The minimum resolvable pattern for each lens-set configuration was then judged based on these intensity profiles according to the Rayleigh criterion. Therefore, the smallest resolvable patterns for beam diameters of 1.12 mm, 2.51 mm, 3.50 mm were element 6 in group 5, element 6 in group 6 and element 2 in group 7 respectively, corresponding to the transverse resolution of 17.5 µm, 8.8 µm and 7.0 µm on the retina. The theoretical transverse resolution that this phantom eye can achieve with beam diameters of 1.12 mm, 2.51 mm and 3.50 mm was calculated using Eq. (2) to be 18.9 µm, 8.4 µm and 6.0 µm, respectively. The measured transverse resolution was nearly consistent with the theoretical ones. The poorer transverse resolution for the beam diameter of 3.50 mm may be attributed to the aberration caused by the imperfection of the lenses and the system alignment. However, the real transverse resolution on the retina would be worse than these estimated values because of the distortion and aberration caused by the imperfection of the cornea and the lens in the eye. For instance, a subject with a prescription containing cylinder needs astigmatism correction to be imaged at the diffraction-limited resolution, especially for the beam diameter of 3.50 mm.
CC OCTA results with different beam sizes
To evaluate the effect of system transverse resolution on the CC OCTA imaging, the CC of subject 1 was imaged with three different beam diameters at the same location. The results are shown in Fig. 4 . As a first qualitative comparison, the vessels appear thicker in en-face retina OCTA images acquired with the small beam size than that with the larger beam size (Fig. 4(A) ), which is also confirmed by manually measured vessel diameters at the locations indicated by the dashed yellow lines (16.7 µm for the beam diameter of 1.12 mm, 9.2 µm for the beam diameter of 2.51 mm and 9.0 µm for the beam diameter of 3.50 mm). Therefore, although individual retinal vessels are visualized for all beam sizes, the vessel diameter looks broader with the small beam size due to the lower transverse resolution (larger spot size) on the retina. The same effect occurs in en-face CC OCTA results as well, as shown in Fig. 4(B) . The CC vessels imaged with the beam diameter of 1.12 mm also look much thicker than that with the beam diameter of 3.50 mm. Therefore, details of the fine CC lobular network that cannot be discriminated with the small beam sizes can be visualized clearly with the large beam size, as indicated by the red and green arrows in this figure.
For quantitatively analyzing the CC OCTA results, 2D power spectrum analysis was applied onto each en-face CC angiogram. Figure 4(C, D) show the 2D power spectrums of the en-face CC angiograms for all three beam sizes and their corresponding offset-removed radially-averaged power spectrums. The magnitude of the CC peak in radially-averaged power spectrums were measured to be 0.040, 0.053 and 0.085 for the beam diameters of 1.12 mm, 2.51 mm and 3.50 mm, corresponding to a 114% higher image contrast in the CC angiogram imaged with the largest beam diameter than that with the smallest beam diameter. Therefore, the larger beam size (high transverse resolution) provides higher image contrast in the CC OCTA image, as expected.
The CC spatial frequencies were estimated by fitting the offset-removed radially-averaged power spectrum into a Gaussian function, which gave the estimated values of 42.2 cycles/mm, 43.5 cycles/mm and 42.9 cycles/mm for the beam diameters of 1.12 mm, 2.51 mm and 3.50 mm, corresponding to mean CC inter-vascular spacings of 23.5 µm, 23.0 µm and 23.3 µm, respectively. The corresponding bandwidths of the CC spatial frequencies could also be extracted from the Gaussian fittings to be 11.9 cycles/mm, 10.6 cycles/mm and 9.9 cycles/mm, indicating the reduction in the variance of the estimated CC inter-vascular spacings with the increase of the beam size. Therefore, the larger beam size (high transverse resolution) provides more accurate and stable CC inter-vascular spacing estimation, as expected.
The mean RPE-CC distance of three different beam diameters were measured as well, to be 18.2 ± 1.5 µm (1.12 mm), 17.9 ± 1.1 µm (2.51 mm) and 17.9 ± 1.1 µm (3.50 mm). The variance between them was ~1.4%, less than 5%. This result is encouraging, because it indicates that the different beam sizes do not influence the quantification of the RPE-CC distance.
CC OCTA results for all subjects
After exploring the effect of probe beam size on the CC imaging, the largest beam size (3.50 mm) was applied on three additional subjects to test the flexibility and robustness of the proposed CC visualization approach. The results are shown in Fig. 5 . All the en-face CC angiograms give a good visualization of the CC lobular vessel network at the FAZ region (Fig. 5 (A) ).
The mean RPE-CC distance (Fig. 5(B) ) was measured to be 17.9 ± 1.1 µm, 18.7 ± 0.7 µm, 20.0 ± 1.1 µm, and 20.3 ± 1.0 µm for subject 1, 2, 3 and 4, respectively, which agreed well with those from previous studies (from 16 to 31 µm) [17] and other measurements from SS-OCT (17.3 µm) [13] and AO-OCT (17.5 ± 2.1 µm) [14] .
The mean CC inter-vascular spacing (Fig. 5(C) ) was estimated to be 23.2 ± 1.1 µm, 24.5 ± 0.4 µm, 24.4 ± 0.5 µm, and 25.4 ± 0.1 µm for 4 subjects respectively. The measured CC spacing matches with our previous results (21.05 -25.28 µm) [17] very well. However, it is smaller than the reported value from SS-OCT (34.77 ± 4.67) [13, 38] and AO-OCT (39 µm) [14] , which could be due to variations among individual subjects. 
Discussion
In this study, the effect of various probe beam sizes on the ability of CC OCTA to resolve the lobular capillary network under the posterior pole region has been investigated. The results show that for a conventional OCTA system with features similar to current commercial SS-OCT systems (200 kHz A-line rate, 4 repeated B-scans), the probe beam size at the pupil plane is a key parameter for CC angiography if the purpose of the investigation is to visualize the individual capillaries. This conclusion is relatively straightforward since we know from the Gaussian optics, the entry optical beam size before any objective lens (numerical aperture) determines the transverse resolution of the system. The three beam sizes used in this study were 1.12 mm, 2.51 mm and 3.50 mm, which provided corresponding nominal system transverse resolution of ~17.5 µm, ~8.8 µm and ~7.0 µm, respectively, at the retina. The CC lobular capillary network was resolved in angiograms with increased imaging contrast and clarity when the probe beam size was increased. The contrast of the CC angiogram with a large beam size of 3.50 mm was up to 114% higher than that with a small beam size of 1.12 mm. Therefore, in a conventional OCTA system with fixed scan speed, repeated B-scan number and scan density, the beam size is a dominant parameter for visualizing the individual capillary vessels in the CC network.
When quantifying CC morphometric parameters, the larger beam size provided reduced variance (standard deviation) in the measurements of mean RPE-CC distance and CC intervascular spacing, indicating more reliable and stable ability for quantification. However, when compared to the beam size of 3.50 mm, we noticed that a small beam size of 1.12 mm still provided comparable quantification results for both mean RPE-CC distance (17.9 ± 1.1 µm vs 18.2 ± 1.5 µm) and CC inter-vascular spacing (23.3 µm vs 23.0 µm). This observation is surprising and in fact clinically important because it indicates that the current commercial SS-OCTA systems, which typically have an entry beam size of ~1.2 mm at the pupil plane, might be still clinically useful in providing quantifiable information about the CC network.
While at ~1.2 mm beam size it is difficult to resolve the individual capillary vessels at the posterior pole, the commercial systems would be sufficient to discriminate the flow deficits at the CC. By definition, the flow deficit must be larger in size than the inter-capillary distance (typically about 24 µm [20] ), which should be well within the capability of the commercial system to resolve. Due to these attributes, commercial systems have recently demonstrated clinical utility in a number of investigations of eye diseases that are thought to be involved with CC flow deficits [17, 20] .
While we have demonstrated the effect of probe beam size on the ability of the OCTA system to resolve the CC capillary vessels, there are some other important factors that may play a role in this endeavor. Among them, the scan speed (A-line rate) of OCTA system is an important parameter for choriocapillaris visualization since the high scan speed can provide OCTA imaging with high scan density and more repeated B-scans without increasing (or even reducing) the total data acquisition time. Such attributes from the high scan speed are not only helpful to increase the image contrast of CC angiography, but also important for suppressing the bulk motion artifacts in the CC angiography [13, 38] . While the drawbacks of high scan speed system are the reduced system sensitivity and the increased costs, especially for the laser source. The SS-OCT system with 200 kHz A-line rate used in this study is already fast enough to provide us with a high-quality CC angiogram within a total data acquisition time of 4.8 s. More important, SS-OCTA commercial system with an imaging speed of 200 kHz is currently pending FDA approval.
The number of repeated B-scans also affects the blood flow contrast of the resultant angiogram. For an OCTA system with stable phase, more repeated B-scans leads to the better blood flow contrast [7] . Thus, the more repeated B-scans that can be afforded for averaging, the lower the system background noise would be. In this investigation, we used four as the repeated B-scan number to be consistent with the commercially available OCTA systems.
Another important parameter that could influence the image contrast of CC angiography is the number of A-scans within one B-scan, i.e. scan density. Higher scan density improves the appearance of resultant angiography as reported in Gorczynska's work [13, 38] . The scan densities used in this study for three different beam sizes were unusually high when compared to others, which were 8.8x, 4.4x, 3.5x times denser for the beam diameters of 1.12 mm, 2.51mm and 3.50 mm, respectively. All of them meets the Nyquist-Shannon sampling theorem. However, with limited system transverse resolution, e.g. ~17.5 µm with 1.12 mm beam diameter, fine CC lobular network still cannot be discriminated even with 8.8x oversampling ratio. Therefore, the scan density helps improve the image contrast of CC angiogram, but not necessarily the dominant factor for CC visualization.
There are also some important limitations for this study. First, the large beam size would reduce the depth of focus (DOF). The depth of focus can be estimated through the following expression [39] :
where Z R denotes the Rayleigh range of Gaussian optics, ∆x represents the system transverse resolution and λ c is the center wavelength of the laser source. Thus, the nominal DOF of three beam sizes are calculated to be 1833 µm, 463 µm and 293 µm, respectively. The typical thickness of the posterior segment of human eye is about 600 µm ( Fig. 2(B) ), therefore, the DOF of large beam size is not able to cover the entire retina and choroid, and the tissue outside the Rayleigh range will become defocused. However, for the specific application to enhance CC visualization, the Rayleigh range is still long enough to cover the thin CC layer (~15 -20 µm thickness), even for the largest beam diameter of 3.50 mm investigated in this study. Second, the large beam size may cause diffraction on the edge of pupil. All subjects were imaged without eye dilation but in a dark room with low environment light. It is likely that the edge of pupil would induce diffraction errors if the pupil is not open wide enough to accommodate the large beam size, resulting in the deterioration of Gaussian beam and thus the system transverse resolution as well as the image contrast of the resultant CC angiogram. To mitigate this issue, the subject's pupil can be dilated. This is not an issue because pupil dilation is a routine procedure in the ophthalmic clinic for various clinical examinations of the eyes. A third limitation is the small field of view of the CC angiogram. The field of view in our study was chosen to be 0.6 mm × 0.8 mm, covering an area slightly larger than FAZ, for the reasons of balancing between the field of view and the total data acquisition time, and merely serving our purpose to demonstrate the effect of the increase of numerical aperture on the transverse resolution. For a large field of view imaging, such as 6 mm × 6 mm in a typical commercial system, it would take about 58 s to complete the scan on a 200 kHz A-line rate system (1700 A-line × 1700 frames × 4 repeats) with satisfying the requirement of high scan density (3.5 µm pixel pitch). It is a challenge even for a normal patient. However, this challenge may be mitigated by 1) reducing the total data acquisition time through a more efficient scan protocol, e.g. a bidirectional scan protocol, 2) minimizing motion artifacts with motion tracking mechanism built in the system, or 3) stitching several CC scans with small field of view as reported in Migacz's work [38] .
Conclusion
In this paper, we have demonstrated the effect of probe beam size on system transverse resolution to improve the CC lobular vessel network visualization in the conventional OCTA system with features comparable to commercially available OCTA system. Three different beam diameters (1.12 mm, 2.51 mm and 3.50 mm) were employed to alter the system transverse resolution at the retina in an effort to resolve the CC capillary vessels at the posterior pole. Four subjects participated in this study. The results show that the beam size is a key parameter for CC angiography if the purpose of the investigation is to visualize the individual capillaries. The CC lobular capillary network was discriminated in angiograms provided by the large beam size of 3.50 mm. The image contrast of the CC angiogram with a beam size of 3.50 mm was up to 114% higher than that with a small beam size of 1.12 mm. The measurements of the mean RPE-CC distance and the CC inter-vascular spacing were also more reliable and stable with the large beam size. However, small beam size could still provide comparable quantification results for both morphometric parameters, e.g. mean RPE-CC distance and CC inter-vascular spacing, indicating the current commercial OCTA systems might be still applicable to providing useful information relevant to clinical measurements.
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